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Summary The effects of photodynamic treatment (PDT) on venules include vascular leakage accompanied by
oedema formation, vasoconstriction and blood flow stasis. The goal of this study was to gain insight into the
mechanism underlying these vascular events by studying one of the earliest observations after PDT,
granulocyte adhesion, in an in vitro model. For this purpose human umbilical vein endothelial cells (HUVECs)
preincubated with Photofrin II (PII) were illuminated with red light and incubated with neutrophils. PDT led
to a dramatic change in the morphology of the endothelial cells. Clearly, neutrophils adhered to the
subendothelial matrix and their adherence coincided with an increase in the percentage of exposed
subendothelial matrix by the gradual contraction of endothelial cells. Furthermore, the increase in adherence
was dependent on drug dose, illumination time and the time delay after PDT. The neutrophil adherence could
be inhibited by anti-,B2-integrin antibodies, which suggests that the aL-, oM- or OCx-fl2 receptors of the neutrophil
mediated this phenomenon. At 4°C or by preincubation of the neutrophils with staurosporin, their adherence
to the subendothelial matrix exposed by PDT of endothelial cells could be prevented. Apparently, activation of
the fl2-integrin receptor by interaction with the subendothelial matrix is necessary for the increased binding of
neutrophils. Taken together, these in vitro findings suggest that the PDT-induced contraction of the endothelial
cells permits neutrophil adherence to the subendothelial matrix. It is conceivable that a similar mechanism
contributes to the initial adherence of granulocytes to the vessel wall as observed after PDT in vivo.
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Photodynamic treatment is a relative new therapy for the
treatment of various forms of cancers (Dougherty, 1993). The
therapy involves the systemic administration of a photo-
sensitiser followed, after some hours to days necessary for the
relative accumulation of the sensitiser in the tumour, by the
illumination of the tumour area with light of appropriate
wavelength. At present Photofrin II (PII), a mixture of
haematoporphyrins is the only photosensitiser used with
limited approval in cancer patients. Its illumination leads to
the formation of highly reactive oxygen species such as singlet
oxygen (Spikes, 1975; Moan et al., 1979). Singlet oxygen is
involved in direct cell cytotoxicity by oxidation of the plasma
membranes, mitochondria and lysosomes (Weishaupt et al.,
1976; Dubbelman et al., 1988).
Besides this direct cell kill, PDT is also reported to
mediate vasoconstriction and blood flow stasis (Star et al.,
1986). These events appear to be indispensible in the
destruction of tumour tissue (Henderson and Fingar, 1987;
Fingar et al., 1988). One of the earliest events after PDT
observed in rat cremaster muscle vessels (Fingar et al., 1992)
and rat skinfold vessels (own unpublished observation) is the
adhesion of granulocytes to the vessel wall. Granulocytes
play a key role in inflammatory reactions and these
phagocytes therefore may also contribute to tumour
destruction after PDT. Although the effect of PDT on
endothelium has been the subject of many studies (Fingar et
al., 1990; Ben-Hur et al., 1988; Gomer et al., 1988;
Henderson et al., 1992; Gilissen et al., 1993), the mechanism
underlying the adherence of granulocytes to the endothelial
lining is not known.
In this study we investigated in an in vitro model the
adherence of neutrophils after PDT of endothelial cells in
order to elucidate this phenomenon.
Materials and methods
Photosensitiser and drugs
The photosensitiser Photofrin II (Pll) was obtained from
Quadra Logic Technologies (Vancouver, BC, Canada) and
was reconstituted in 5% glucose before use. Mepacrine
was from Sigma (St. Louis, MO, USA). WEB 2086 was
kindly provided by Boehringer Ingelheim (Ingelheim,
Germany).
Monoclonal antibodies (MAb)
MAb to the Il- (CD29), P2- (CD18), and f3- (CD61) integrins
and a mouse control IgG, MAb were purchased from
Becton-Dickinson (San Jose, CA, USA).
Isolation and culture of endothelial cells
Endothelial cells were isolated and cultured according to
previously described methods (Jaffe et al., 1973) with
minor adaptations. In short, the cells were isolated from
umbilical cords which were kept in cord buffer (140 mM
sodium chloride, 4 mM potassium chloride, 11 mM D-
glucose, 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesul-
phonic acid; pH 7.3). A vein was cannulated and rinsed
with cord buffer before endothelial cells were detached by
20 min incubation at 37'C in 0.1% collagenase (Sigma) in
M199 medium (Flow Laboratories, Irvine, UK). Cells were
collected by perfusion with M199 and centrifugation
(400 x g, 10 min) and next resuspended in culture
medium: M199 medium supplemented with 10% pooled
human serum (Red Cross Bloodbank, Rotterdam, The
Netherlands), 10% fetal calf serum (Boehringer Mannheim,
Mannheim, Germany), 175 ,ug ml-' endothelial cell growth
factor isolated as previously described (Maciag et al.,
1979), 840 jg ml-1 sodium bicarbonate, 15 U ml-' heparin
(Leo Pharmaceutical Products, Weesp, The Netherlands),
50 U ml-' penicillin and 50 ,ug ml-' streptomycin (Boeh-
ringer Mannheim) in 25 cm2 culture flasks precoated for
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30 min at room temperature with 10 jug ml-' fibronectin
isolated as previously described (Engvall and Ruoslahti,
1977). Endothelial cells were identified by well-accepted
methods (Jaffe et al., 1973). When grown to confluence the
cells were detached with trypsin/EDTA (Gibco, Breda, The
Netherlands) and subcultured in fibronectin-precoated 96-
or 24-well culture plates or were stored in liquid nitrogen
until use. For experiments, only confluent monolayers
between passage 1 to 6 at least 3 days after subculture
were used.
Isolation ofneutrophils
Neutrophils were isolated from fresh citrated human blood
(kindly provided by the Red Cross Bloodbank, Rotterdam,
The Netherlands). In short, blood cells were diluted twice
in phospate-buffered saline (PBS) and separated by density
gradient centrifugation (800 xg, 20 min at room tempera-
ture) over isotonic lymphoprep (9.6% sodium metrizoate
and 5.6% Ficoll; density 1.077 g ml-1; Nycomed, Oslo,
Norway). The pellet fraction, containing erythrocytes and
granulocytes was treated twice with ice-cold isotonic
ammonium solution (155 mM ammonium chloride, 10 mM
sodium bicarbonate and 0.1 mM EDTA) to lyse the
erythrocytes. The remaining granulocytes were washed
with PBS and resuspended in PBS. In general this
fraction contained approximately 95-100% granulocytes,
of which the majority (94%) were neutrophils.
PDT protocol
Endothelial cells in 24- or 96-well culture plates were
incubated with Pll at a concentration of 25 Mg ml-'
(unless stated otherwise) in culture medium for 20 h at
37°C, 5% carbon dioxide and 100% humidity. This
concentration equals the initial plasma level of Pll in
patients after injection of 2 mg kg-'. Next, cells were
washed three times and suspended in Krebs-Ringer
bicarbonate buffer (118 mM, sodium chloride 4.7 mM
potassium chloride, 1.0 mm calcium chloride, 1.2 mM
potassium hydrogen phosphate, 1.2 mm magnesium sul-
phate heptahydrate, 25 mm sodium bicarbonate, 10 mM N-
2-hydroxyethylpiperazine-A'-2-ethanesulphonic acid, and
5.5 mm glucose; pH 7.3). For light treatment culture plates
were illuminated in a mirror box for 15 min (unless stated
otherwise). Red light was delivered by a slide projector with
a 250 W lamp (type 7748S EHJ, Philips, Eindhoven, The
Netherlands) and a cut-off filter (<610 nm, No.59512, Oriel,
Stratford, CT, USA). Average fluency rate was measured in
the culture wells with an isotropic light detector and
amounted to 4 mW cm-2, which is equal to 3.6 J cm-2
after 15 min of illumination. After illumination the
endothelial cells were incubated at 37°C, 5% carbon dioxide
and 100% humidity for 30 min (unless stated otherwise) and
then freshly isolated neutrophils were added. After 10 min of
incubation (unless stated otherwise) the culture plates were
washed three times with ice-cold PBS to remove the non-
adherent cells.
Determination of neutrophil adherence
Myeloperoxidase (MPO) was used as an enzymatic marker to
quantify the number of adherent neutrophils according to
previously described methods (Bath et al., 1989). Briefly, the
adherent neutrophils were lysed for 15 min at 40C with 0.5%
hexadecyltrimethylammoniumbromide (HTAB) in PBS (pH
6.0). The amount of MPO activity in the lysate, which reflects
the number of adherent neutrophils, was determined by a
colorimetric assay using o-dianisidine dihydrochloride
(0.2 mg ml-') and hydrogen peroxide (2 mM) in PBS (pH
6.0). The change in absorbance at 450 nm was followed for
15 min at 37°C in a Thermomax microplate reader (Sopar
Biochem, Nieuwegein, The Netherlands). The number of
adherent neutrophils was determined from the maximal
velocity by interpolating from a standard concentration
curve and the adherence expressed as the percentage of the
total number of added neutrophils.
Determination of lactate dehydrogenase (LDH)
Homogenates of HUVECs were obtained by sonification
during 5 min on ice of the endothelial monolayer in
phosphate buffer (100 mM potassium hydrogen phosphate
and 100 mM disodium hydrogen phosphate; pH 7.0). In both
homogenates and culture supernatants LDH activity was
determined by a colorimetric assay with pyruvate
(5.75 mg ml-1) and NADH (4.7 mg ml-') as substrates.
Absorbance was read at 340 nm with a Thermomax-
microplate reader.
Measurements ofporphyrin levels
Porphyrin levels in endothelial cells were determined as
previously described for animal tissues (Star et al., 1986).
Endothelial cells were lysed with 0.1 M sodium hydroxide.
Porphyrins in the lysate were hydrolysed and extracted by
adding 2% sodium dodecyl sulphate (SDS) followed by heating
(100°C) for 15 min. After centrifugation (1500 xg, 15 min),
fluorescence intensity in the supernatant was measured in a
fluorescence spectrophotometer (MPF-3, Perkin Elmer, Nor-
walk, CT, USA) at an excitation wavelength of404 nm and an
emission wavelength of 627 nm. Fluorescence peaks were
compared with standards of known concentrations of PII in
2% SDS and 0.1 M sodium hydroxide to calculate the amount
ofporphyrins retained in the endothelial cells.
Determination of the exposed surface area
To determine the size of the exposed area of the
subendothelial matrix time-lapse pictures after PDT of the
endothelium were analysed by measuring the surface area of
the endothelial cells in relation to the total area. This was
performed with the software drafting package Autosketch 2.0
obtained from Autodesk (Sausalito, CA, USA).
Statistical analysis
Data are presented as means+s.d. of triplicate experiments
(unless otherwise stated) and were analysed using multiple
regression analysis, Student's t-test or analysis of variance
(ANOVA) with Bonferroni's correction where appropriate.
Differences between group means were considered significant
when P <0.05.
Results
Effect of PDT of endothelial cells on the adhesion of
neutrophils
To elucidate the mechanism underlying the increased
adherence of granulocytes after PDT we investigated the
effect of PDT of endothelial cells on the adherence of blood
neutrophils in vitro. For this purpose neutrophils were added
for 10 min at various time delays after illumination (15 min
of red light) of PII-treated (25 M,g ml-1 for 20 h) HUVECs.
The results show that the adherence of neutrophils increased
linearly (R2=0.850, P<0.0001) with time to a maximum at a
time delay of 30 min before neutrophil addition and then
remained at that increased level up to the end of the
observation period (Figure 1). Pretreatment of endothelial
cells with Pll or light only had no significant effect on the
adherence of neutrophils as compared with untreated
HUVECs.
To study if this increased adherence was drug dose-
dependent, HUVECs were preincubated with various
concentrations of PII for 20 h and thereafter illuminated
for 15 min. Neutrophils were added after a time delay of
30 min, which is sufficient for maximal adherence (cf. FigureEndothelial PDT induces neutrophil adherence
WJA de Vree et al r
1337
0
X
0
4)
c
0
c
a)
at)
'a
15 30 45 60 75 90
Time point of neutrophil addition (min)
Figure 1 Relationship between the adherence of neutrophils and
the time delay of their addition after PDT of HUVECs. After
their addition neutrophils were allowed to adhere for 10min.
Next, non-adherent cells were removed. The adherence is
expressed as the percentage bound neutrophils corrected for the
adherence after treatment of HUVECs by red light only. The data
represent the mean +s.d. of three separate experiments with
determinations in triplicate.
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Figure 2 Relationship between the amount of Pll in the
endothelial culture medium (abscissa), the amount of Pll
retained by the endothelial cells (0; right ordinate) and the
adherence of neutrophils after PDT of the endothelium (0; left
ordinate). The adherence of neutrophils was corrected for the
adherence after treatment of HUVECs by red light only. The data
represent the mean+s.d. of three separate experiments with
determinations in triplicate.
1). As shown in Figure 2 there was a linear relationship
between P11-dose and neutrophil adhesion (R' =0.962,
P<0.0001). To investigate whether this drug dose-dependent
effect of PDT on the neutrophil adherence was directly
associated with the amount of Pll in HUVECs the porphyrin
concentration retained after 20 h of PII incubation in serum-
supplemented M199 was determined (Figure 2). A linear
relationship between the incubation dose and the cellular
porphyrin content was found (R2 =0.94, P<0.0001). Ap-
proximately 0.3-0.6% of the amount of administered PII
was retained by the cells.
To evaluate if the effect of PDT was dependent on the
light energy dose, HUVECs were illuminated for various
times after treatment for 20 h with a fixed dose of PII
(25 pg ml-1). Neutrophils were added after a delay of 30 min
after the end of illumination. Up to 20 min of illumination,
which is equivalent to 4.8 J cm-2, we found a linear
relationship between the illumination time and the adherence
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Figure 3 Relationship between the adherence of neutrophils and
the red light dose (illumination time) used for PDT of HUVECs.
After various periods of illumination the neutrophils were added
30min later and allowed to adhere for 10min. The adherence of
neutrophils was corrected for the adherence after treatment of
HUVECs by red light only. The data represent the mean+s.d. of
three separate experiments with determinations in triplicate.
of neutrophils (Figure 3; R2 =0.662, P<0.0001). The
adherence reached a maximum at 20 min of illumination.
Longer illumination times did not lead to further increment
of neutrophil adherence.
Mechanism of adhesion
Light microscopic study of the endothelial cells at 30 min
after PDT (cf. Figure 1) showed that the morphology of the
endothelial cell was dramatically altered as compared with
control HUVEC (Figure 4a,b). Retraction of the endothelial
cells and formation of large membrane vesicles was observed
resulting in the exposure of a large area of the subendothelial
matrix. The adherent neutrophils were mainly associated with
this exposed matrix rather than the contracted endothelial
cells (Figure 4c). To examine whether a decrease in
membrane integrity of HUVEC occurred after this PDT
protocol, the release of LDH was determined 30 min after
PDT (Table I). We found no significant increase in LDH-
release which indicates that the membrane integrity of the
endothelial cells was not severely affected at that time.
To determine whether the extent of exposure of the
subendothelial matrix was related to the increased adherence
of neutrophils, pictures were taken at various time-delays
after PDT to measure the exposed matrix. As shown in
Figure 5, there was an increase in the percentage exposed
area from 20% at 10 min to approximately 65% at 40 min
after PDT. To study whether the adhesiveness of the matrix
for neutrophils was dependent on a direct effect of PDT, the
contraction of the endothelial cells was induced by calcium-
free buffer (PBS) instead of PDT. The results show that the
increase in neutrophil adherence to this matrix was similar in
magnitude to the matrix exposed by PDT-induced contrac-
tion of the endothelial cells (Figure 6), showing that the
adhesiveness of the subendothelial matrix per se does not
depend on PDT. Furthermore, we found that PDT of
fibronectin, which we used to coat the endothelial culture
wells, did not lead to an increase in its adhesive properties for
neutrophils (Figure 6).
To investigate which type of membrane receptor is
involved in the increased adherence, neutrophils were
preincubated for 30 min with blocking MAb to members of
the flu-, f,- or #3-integrin adhesion receptor family (Figure 7).
Preincubation with anti-#l (CD29) or anti-#3 (CD61) MAb
did not influence neutrophil adherence as compared with
control MAb. However, incubation of neutrophils with MAb
to the f,2-integrin (CD18) blocked their adherence substan-
tially.
Since it is known that efficient binding of a leucocyte to its
ligand depends on a protein kinase C-dependent phosphor-
21
0.
0-
C.
s 1!
C
a)
0)
sc
V-Endothelial PDT induces neutrophil adherence
WJA de Vree et al
1338
ylation of the fl2-receptor (Valmu et al., 1991), we studied
whether intracellular signalling via protein kinases was
involved in the increased adherence of neutrophils under
the present conditions as well. We found that at 4°C
neutrophils failed to adhere (0% +0%, not shown).
Furthermore, preincubation of neutrophils with staurospor-
in, a protein kinase inhibitor, prevented their adherence in a
concentration-dependent fashion (Figure 8). At the highest
concentration of staurosporin, which almost completely
prevented the neutrophil adherence, the viability of
neutrophils during the experiment was not affected as
monitored by trypan blue exclusion.
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Figure 5 Time course of exposure of the subendothelial matrix
after PDT of HUVECs. The percentage exposed surface was
determined as described under Materials and methods.
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Figure 6 Adherence of neutrophils to the subendothelial matrix.
Neutrophils were added after red light only (_) or PDT (M)
treatment of fibronectin (Fibro) or endothelial monolayer
(HUVEC), or treatment of the monolayer with calcium-free
PBS (EZ). Each bar represents the mean+s.d. of three
determinations.
Figure 4 Effect of PDT on the morphology of endothelial cells
and the adherence of neutrophils. Endothelial cells were
photographed at 30 min after red light treatment only (a) or
30 min after PDT (b) or 30 min after PDT followed by addition
of neutrophils for 10 min (c). Note the presence of large
membrane vesicles (open arrow) and 'pseudopodia' (closed
arrow) after PDT of HUVECs. Magnification a,b,c x 200.
Table I Effect of photodynamic treatment (PDT) of human
umbilical vein endothelial cells (HUVEC) on the release of lactate
dehydrogenase (LDH)
% LDH in % LDH in
Condition HUVEC supernatant
Untreated 91.8 +2.7 8.2 ±2.7
PII only 89.3 +4.5 10.7 ±4.5
Red light only 88.0+4.8 12.0 +4.8
PDT 85.1 ±7.1 14.9+7.1
Data are the means ±s.d. of three experiments. The percentage of
LDH was calculated from the total amount in supernatant and cells.
Measurements were performed in triplicate.
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Figure 7 Effect of monoclonal antibodies (MAb) to isotypes of
the integrin receptor on the adherence ofneutrophils after PDT of
HUVECs. Neutrophils were preincubated for 30min at 4°C with
10jgml-l of the MAb under investigation and then added to
HUVECs 30min after PDT for 10min at 37°C in the presence of
that MAb. Each bar represents the mean+s.d. of three
determinations.
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Figure 8 Effect of staurosponrn on the adherence of neutrophils.
Neutrophils were preincubated for lOin at 4-C with various
concentrations of staurosporin (0) or solvent (DMSO) only (C)
and then added to HlUVECs 30min after PDT for 0min at 37-C
in the presence of staurosporin or DMSO. The data represent the
mean - s.d. of three determinations.
Discussion
The major finding of this study was that PDT of endothelial
cells in vitro led to an increased adherence of neutrophils to
the subendothelial matrix. This adherence was dependent on
the PII dose. the illumination time and time course after
PDT. The gradual increase in neutrophil adherence coincided
with a gradual exposure of the subendothelial matrix (ECM)
owing to contraction of the endothelial cells.
The endothelium after PDT showed a striking resemblance
to the morphology of endothelial cells treated by tert.-
butyihydroperoxide (t.-BuOOH). a lipophilic reactive oxygen
species. namely extensive contracted cells w-ith large
membrane vesicles (Patel et al.. 1992). Patel et al. (1992)
showed that the vesicles eventually pinched off and contained
platelet-activating factor (PAF)-like molecules that stimulated
the adherence of granulocytes to gelatin. Pll is a photo-
sensitiser that is also lipophilic and therefore accumulates in
the cell membrane. As a result of illumination of the
photosensitiser highly reactive oxygen species are formed.
These may generate PAF or PAF-like molecules that could
be responsible for the increased adherence of neutrophils to
the exposed subendothelial matrix. However. we found that
preincubation of neutrophils for 10 min with l0-4 to l0- M
WEB 2086. a synthetic PAF antagonist. did not inhibit their
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